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Abnormal N-Glycosylation of Human Lens
Epithelial Cells in Type-2 Diabetes May Contribute
to Cataract Progression
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Purpose: In order to better understand cataract development, we analyzed the glycosylation
profile of human lens epithelial cells (HLECs) from anterior lens capsules of type 2 diabetes
mellitus (T2DM) and non-diabetic (ND) patients undergoing routine cataract surgery.
Setting: Research Department of the Asociacion para Evitar la Ceguera, Hospital “Dr. Luis
Sanchez Bulnes”, Mexico.

Design: Experimental study.

Methods: Evaluation of anterior lens capsules from T2DM and ND patients undergoing
phacoemulsification and free from other ocular diseases.

Results: Hematoxylin-eosin staining revealed HLECs alterations in T2DM samples. From
lectins with different sugar specificities used, concanavalin A showed significant differences,
labeling homogeneously both in the cytoplasm and in cell membranes in ND capsules, while
in T2DM capsules, in addition to membrane and cytoplasm labeling, there were perinuclear
vesicles with high concanavalin A labeling. Two-dimensional gel electrophoresis showed
that T2DM patients have a ~65-kDa spot with an isoelectric point of 5.5 with a higher
density compared to ND capsules, and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) 62% with  type-1
Immunohistochemistry using anti-pan cytokeratin antibody revealed co-localization with

analysis  showed homology cytokeratin.
concanavalin A, and a lectin blot revealed with concanavalin A showed a band of ~65
kDa, a molecular weight that corresponds to human type 1 cytokeratin.

Conclusion: These results suggest that over-expression of N-glycosidically linked human
type 1 cytokeratin may induce capsule disruption and affect selective permeability, allowing
the entry of different molecules to the lens that facilitate cataract progression.

Keywords: glycosylation, human epithelial lens cells, diabetes mellitus, cataract

Introduction
Cataracts are the main cause of reversible blindness globally." They manifest as a
progressive decrease of visual acuity, and the only available treatment is surgical
extraction.” The main risk factor for cataract formation is aging, but other factors
can induce cataract development, such as trauma, Down syndrome, and myotonic
dystrophy, to name a few. After aging, diabetes is one of the most significant risk
factors for cataract formation.’

Type 2 diabetes mellitus (T2DM) is a chronic systemic disease that can affect all
ocular structures, including the lens. Cataract formation in diabetic patients corre-
lates with disease duration.*” There are several mechanisms responsible for cataract
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formation in T2DM; one of the most studied is overpro-
duction of sorbitol that plays an important role in increas-
ing the osmotic pressure of the lens, causing loss of
transparency.® However, there is increasing evidence indi-
cating that lens capsule alterations are also responsible for
cataract development.

The lens capsule is a basal membrane (BM)
secreted by lens epithelial cells (LECs). The BM and
LECs form a continuous barrier that surrounds the
entire lens. The primary functions of this barrier are
physical protection, promotion of lens differentiation,
and regulation of selective permeability to various
growth factors, inflammatory mediators, and nutrients,
among other molecules. During aging and in certain
metabolic disorders like T2DM, chemical and biome-
chanical properties of the capsule are affected, disrupt-
ing selective permeability and allowing the entry of
different molecules to the lens.”® Specifically, the for-
mation of advanced glycation end products (AGEs)
potentially leads to lens fiber damage’ due to altera-
tions in lens capsule permeability. Glycosylation also
seems to be an important modulator of the inflamma-
tory response in various disorders such as diabetes,
cancer, and neurodegenerative diseases.'® In the eye,
glycosylation has been associated with diseases with an
inflammatory component, such as dry eye.'' Regarding
cataracts, recent studies showed an increase of proin-
flammatory cytokines in the aqueous humor of cataract
patients, suggesting that intraocular inflammation plays
a role in the pathogenesis of cataracts.'*'*

Based on the above, since glycosylation is related to
several mechanisms that induce cataract formation,'” '’
we aimed to evaluate glycosylation patterns in human
lens capsules from T2DM and ND patients.

Methods
Design and Setting

This experimental study used anterior capsules from
T2DM and ND patients undergoing routine cataract sur-
gery at the Anterior Segment Department of the
Asociacion para Evitar la Ceguera en Mexico AP,
Hospital “Dr. Luis Sanchez Bulnes”, in Mexico City,
Mexico. The Institutional Internal Review Board approved
this study, which was conducted following the tenets of the
Declaration of Helsinki. Informed consent was obtained

from all patients before any study procedure.

Samples

Anterior lens capsules were obtained by continuous circu-
lar capsulorhexis during routine phacoemulsification. All
patients were free from other ocular diseases and were
graded for cataract severity (NOINCI1 to NOSNCS)
using the Lens Opacities Classification System III
(LOCS 1III)."® We obtained a total of 24 anterior capsules
from 24 patients; 12 were used for protein expression (6
from T2DM patients and 6 from ND patients), and 12 for
microscopic examination (6 from T2DM patients and 6
from ND patients).

Hematoxylin—Eosin Staining

Lens capsules were immersed in Zamboni fixative for 24
hours at 4°C. Tissues were mounted on silane-coated
slides, then rehydration was performed, and finally they
were stained with hematoxylin and eosin using conven-
tional histological techniques and coverslipped using a
synthetic mounting media.'

Tricine-SDS-PAGE Electrophoresis

After pulverizing the capsules in a mortar with liquid
nitrogen and adding 20 pL of buffer with 2 pL of a
protease inhibitor, samples were centrifuged at 13,000
rpm and 4°C for 30 min. After this time, the pellet was
discarded and the supernatant was recovered. Then, tri-
cine-sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis ([tricine-SDS-PAGE) was performed using the
method described by Ref. 2° A constant voltage of 70 V,
100 mA was applied for 15 min followed by 120 V, 100
mA for 75 min. After electrophoresis, the gel and nitro-
cellulose paper were incubated in a transfer buffer (25 mM
Tris base, 192 mM glycine, and 20% methanol, pH 8.3)
for 90 min. Transfer was carried out in a semi-dry system
(Bio-Rad, Richmond, CA, USA) at 25 V for 1 hour.

Immunohistochemistry

Lens capsules were immersed in Zamboni fixative and
mounted on silane-coated slides. The slides were rehy-
drated using conventional histological techniques.
Nonspecific binding sites were blocked by incubation
with 2% IgG-free bovine serum albumin (BSA, Sigma-
Aldrich), followed by permeabilization with 0.2% Triton
X-100 (Sigma). Lectins were diluted at 1:100 with 1%
BSA in PBS. Incubations were made at 4°C overnight.
DAPI was used as nuclear counterstain. Biotinylated lec-

tins used were concanavalin A (Con A, Mannose specific)
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Figure | Hematoxylin-eosin staining (40x) showing cell retraction and cytoplasmic vacuolization (black arrows), sparse in ND and abundant in T2DM samples.

Abbreviations: ND, non-diabetic; T2DM, type-2 diabetes mellitus.

(Sigma-Aldrich), jacalin (Galactose/N-acetyl-galactosa-
mine specific, Vector Labs, CA, USA), and PNA
(Galactose-specific, peanut agglutinin, Vector Labs).
Anti-pan cytokeratin antibody (Abcam, Cambridge UK)
was diluted 1:200. Immunostained cells were counted
with a Leica DM/LS fluorescent microscope at 40x

(Leica Microsystems, Wetzlar, GmBH, Germany).

Two-Dimensional Electrophoresis

For first dimension analysis, 50 pg of protein from the
capsule lysates were treated with a mixture of 8 M urea,
0.5% CHAPS, 0.2% dithiothreitol, IPG buffer pH 3—10 and
0.002% bromophenol blue, for a final volume of 130 pL.
Samples were loaded into the immobilized pH gradient
strips, for room temperature incubation during 12 h.
Subsequently, the strips were placed in the Amersham
Biosciences Multiphor II chamber. An isoelectric focusing
was carried out in three phases: the first one at 200 V for 1
min, at 0.001 kilovolts per hour (kVh) and the second at 3500
V for 90 min, at 2.8 kVh, and finally at 3500 V for 35 min at
2.2 kVh. For second dimension separation, the strips were
soaked in 10 mL of an equilibration buffer (50 mM Tris-HCl
pH 8.8, 6 M urea, 30% glycerol, 2% SDS, and 0.002%
bromophenol blue and 65 mM DTT) for 15 min at room
temperature, followed by incubation during 15 min with 10
mL of a buffer with 135 mM iodoacetamide. The strips were
then placed in 10% SDS-polyacrylamide gels and run at 200
V for 40 min. Gels were fixed in a solution of 10% methanol
and 7% acetic acid. Photographs were taken with an
Olympus E-500 camera (Japan) and processed with ImagelJ.

Liquid Chromatography with Tandem
Mass Spectrometry (LC-MS/MS)

After visualization, target protein spots were excised from
the Coomassie stained 2D-SDS PAGE, and they were dis-
tained, washed, digested with modified porcine trypsin
(Promega, Madison, WI), and extracted as previously
described.”’ The volume of the extracts was reduced by
evaporation in a vacuum centrifuge at room temperature
and then adjusted to 20 pL with 1% formic acid. Mass
spectrometric analysis was carried out in a 3200 QTRAP
hybrid tandem mass spectrometer (Applied Biosystems/
MDS Sciex, Concord, ON, Canada), equipped with a nanoe-
lectrospray ion source (NanoSpray II) and a MicrolonSpray
IT head. The instrument was coupled on line to a nanoAcquity
Ultra Performance LC (Waters Corporations, Milford, MA,
USA). Samples were desalted by injection onto a Symmetry
C18 UPLC trapping column (5 pm, 180 um x 20 mm, Waters
Corporations) and washed with 0.1% formic acid in Milli Q
water. Spectra were acquired in automated mode using
Information Dependent Acquisition (IDA). The scan range
for EMS was set at m/z 300-1500 and 4000 amu/s, with an
ion spray voltage of +2.2 kV applied to a Picotip emitter
FS150-20-10-N (New Objective, Woburn, MA). Data inter-
pretation and protein identification were performed from the
MS/MS spectra datasets using the MASCOT search algo-
rithm (Version 1.6b9, Matrix Science, London, UK, available
at http://www.matrixscience.com). Searches were conducted

using the National Center for Biotechnology Information
non-redundant database (NCBIprot, http://www.ncbi.

nih.gov).
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Figure 2 Immunohistochemistry (40x) in ND and T2DM samples using Con A-FITC (green) and DAPI as nuclear counterstain. (A) Con A membrane and cytoplasmic
labeling is evident in both ND and T2DM samples; T2DM samples additionally show perinuclear vesicles (white arrows) that, (B) after trypsin treatment during 6 hours at

37°C, show a certain degree of resistance to digestion.
Abbreviations: ND, non-diabetic; T2DM, type-2 diabetes mellitus.

Results

Hematoxylin and eosin staining of the anterior capsule
showed LECs alterations in T2DM samples, namely loss
of intercellular junctions, evidenced by cell retraction and
epithelial discontinuity, as well as cytoplasmic vacuoliza-
tion (Figure 1). To explore the relationship of glycosylated
proteins with these histologic changes, we performed
immunohistochemistry with the lectin Con A, observing
differences in staining intensity between groups. For ND,
Con A staining was homogenous both in the cytoplasm
and in the membrane but for T2DM, in addition to mem-
brane and cytoplasmic staining, we observed perinuclear
vesicles with high reactivity to Con A (Figure 2A). We
explored other lectins like jacalin (specific only for
O-glycosidically linked oligosaccharides containing galac-
tose/N-acetyl-galactosamine) and PNA (specific for term-

inal galactose residues), observing no differences between

groups (data not shown). When capsules were treated with
trypsin for more than 6 hours, Con A labeling decreased
considerably; however, ConA positive vesicles in T2DM
samples showed a slight decrease, suggesting resistance to
trypsin treatment (Figure 2B).

These observations led us to examine the electrophore-
tic profile between both groups. As depicted in Figure 3,
we observed differences between protein extracts from
T2DM and ND lysates with Coomassie blue staining,
observing a density increase of the 147, 64, and 23 KDa
bands in T2DM capsules. After these findings, we per-
formed a 2D-PAGE that evidenced protein spots from 250
to 15 kDa with areas of higher concentration in the iso-
electric points from 4 to 8. In T2DM samples, we observed
a spot with a higher density compared to ND samples of
~70 KDa, with an isoelectric point of 5.5 (Figure 4A). LC-
MS/MS analysis using the MASCOT algorithm and the
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Figure 3 (A) Tricine-SDS-PAGE gel stained with Coomassie blue showing molecular weight (MW) markers (*), a lysate from ND capsules (**) and a lysate from T2DM
capsules (*¥¥). There is an increased band density for 147, 64 and 23 kDa bands in the T2DM lysate. (B) Relative densitometry quantification shows increased density (with
statistical significance) in T2DM samples for the 13, 23, 64 and 147 kDa bands. Y: average density in arbitrary densitometry units, X: molecular weight in kDa. Data

expressed as mean * SD; unpaired t-test with Welch's correction (*p<0.05).
Abbreviations: ND, non-diabetic; T2DM, type-2 diabetes mellitus.

National Center for Biotechnology Information non-redun-
dant (NCBInr) database of the proteolytic fragments
showed a 62% homology with human cytokeratin (CK)
typesl and 2 (Figure 4B).

To further explore if CK-1/2 had a relationship with
the previously described glycosylation-induced altera-
tions, we performed double labeling with ConA-FITC
and an anti-pan-cytokeratin antibody conjugated to rho-
damine in samples from both groups. We observed co-
localization of ConA with anti-pan-CK in both samples;
however, T2DM samples showed a stronger co-localiza-
tion, specifically with the same vesicular pattern
observed by immunohistochemistry (Figure 5A).
Finally, we performed a lectin blot with biotinylated
Con A using capsule homogenates from both groups
that confirmed the presence of a ~65 kDa band in
T2DM samples, not detected in ND samples
(Figure 5B), suggesting the presence of glycosylated
CK-1/2 in T2DM lysates. To confirm whether CK-1/2
has glycosylation sites, we conducted a NetNGlyc 1.0
server analysis to identify potential N-glycosylation
sites, indicating that type-1 cytokeratin may be glycosy-
lated at the Asp 410 site (Figure 5C).

Discussion
Senile and metabolic cataracts show different demo-
graphics and progression patterns. T2DM patients show a
relatively faster progression and are diagnosed at an earlier
age compared to ND patients with senile cataracts.”>*®
These differences are believed to be secondary, among
other factors, to lens capsule alterations that facilitate
cataract development.”?*® It has been shown that altera-
tions in capsule proteins induce loss of transparency of
lens fibers and cataract formation, as in the case of patients
with Marfan syndrome who have a mutation the glycopro-
tein fibrillin-1,%

collagen Va5, that result on fragile and thinner capsules

as well as mutations in laminin-p2>° and

and cataract formation.’ Another analysis revealed that
mice deficient for the glycoprotein SPARC also develops
cataracts; these mice show an abnormal capsule morphol-
ogy with protrusions and increased capsule permeability to
macromolecules.>*** As demonstrated in this work, cap-
sules from T2DM patients show changes like lens epithe-
lial cell disruption and cytoplasmic vacuolization
indicative of intercellular junctions loss and epithelial dis-
continuity that suggest adaptive responses for damage
limitation.**
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Figure 4 Two-dimensional electrophoresis of ND capsules and T2DM capsule lysates (A) showing a differential spot of approximately 70 KDa with an isoelectric point of
5.5 (spot number 6). (B) LC-MS/MS analysis using the MASCOT algorithm and the NCBInr database showing a 62% homology with human cytokeratin types | and 2.

Abbreviations: ND, non-diabetic; T2DM, type-2 diabetes mellitus.

In the eye, glycosylation has also been associated with
dry eye disease due to a deficiency in MUC5AC mucin
glycosylation.'' Also, in pterygium, there was an abnormal
sialylation of the MUCI1 glycoprotein that contributes to
neoplastic growth.>>>¢ Therefore, we considered it inter-
esting exploring the relationship between lens epithelial
cells alterations and glycosylation using lectins since they
are widely studied proteins that recognize specific carbo-
hydrates and glycoproteins; jacalin and PNA are specific
for O-glycosylation and (-galactose-containing structures,
while Con A shows high specificity for a-mannose and o-
mannose-containing structures such as N-glycosidically
linked proteins.*”** As previously described, Con A
immunohistochemistry suggested that where there seems
to be LEC damage in T2DM patients, there is a potential
synthesis of de novo N-glycosylated proteins, in contrast
to ND patients. This is consistent with other studies that
have observed a relationship between N-glycosylation
alterations and diabetes, where metabolic stress induces

deregulation of glycan transferases.”

From the relevant N-glycosylated proteins detected, we
chose to characterize the ~65-kDa protein since it showed
the greatest statistically significant difference between
groups. 2D-PAGE confirmed the presence of this protein
in T2DM samples, and LC-MS/MS confirmed a 62%
homology with CK types 1 and 2. When exploring the
role of CK-1/2 with the presumptive glycosylation-
induced alterations, we found co-localization of ConA
with the anti-pan cytokeratin antibody, and further testing
through a lectin blot revealed that Con A recognizes a
band of ~65 kDa that potentially corresponds to CK-1/2.
Finally, we confirmed by the NetNGlyc 1.0 server that
CK-1 has a potential glycosylation site.

The cytoskeleton is a key factor for the proper func-
tioning of the lens, maintaining both cell organization and
optical properties.*” Indeed, cataracts show cytoskeleton
alterations, especially related to intermediate filaments,
causing loss of cell morphology that contributes to cataract
progression.*! Therefore, certain post-translational modifi-
cations of cytoskeletal proteins could affect their correct
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Figure 5 (A) Con A-FITC (green) and anti-pan-cytokeratin (red) co-localization, with DAPI as nuclear counterstain, confirming co-localization both in ND and T2DM
samples, more evident in the latter. Observe co-localization at the cytoplasmic vesicular level. (B) Lectin blot revealed with biotinylated ConA in ND (*) and T2DM (**)
samples, observing a 60-55 kDa band in the latter. (C) Type | cytokeratin sequence analysis with the NetNGlyc 1.0 server. The graph depicts potential N-glycosylation sites
throughout the polypeptide chain (x-axis represents the length of the N- to C-terminal protein; y-axis represents thresholds greater than 0.5 that indicate a high probability

of glycosylation). Magnification 40x.
Abbreviations: ND, non-diabetic; T2DM, type-2 diabetes mellitus.

functioning; specifically, glycosylation affects cytoskele-
ton structure, necessary to maintain lens transparency. An
interesting finding of this study was the vesicular localiza-
tion of Con A observed by IHQ, in contrast to the homo-
geneous membrane localization observed in ND patients.
It has been reported that glycosyltransferases can interact
with cytoskeletal proteins, such as the case of core 1 33-
galactosyltransferase (C1GalT1) that interacts with gian-
tin, and core 2 N-acetyl-glucosaminyltransferase (C2GnT-
M) that interacts with CK-1,%* forming complexes on RER
vesicles and the Golgi apparatus, which are important for
protein transit and recycling. It is unknown if such glyco-
syltransferase-cytoskeletal interactions exist or are altered
under pathological conditions, but our results suggest that
in T2DM, N-glycosylation of cytoskeletal proteins is

potentially affecting intermediate filaments, and thus con-
tributing to cataract progression.

Currently, many studies are focused on glycosylation as
a therapeutic target, using glycosylated markers for diag-
nostics, and glycan characterization for drug screening.
Also, glycosylation seems to be an important modulator of
the inflammatory response in various disorders such as
diabetes, cancer, or neurodegenerative diseases.'®* At pre-
sent, it is unknown how diabetes alters glycosylation, but it
has been hypothesized that it could be a direct result of
metabolic stress and/or alteration of the hexosamine path-
way or secondary to the inflammatory process that affects
the expression of glycosyltransferases.

The main limitation of our study is the sparse number
of samples, due to the fact that most patients in our tertiary
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care setting have ocular comorbidities, and we decided to
exclude patients with ocular disorders different from cat-
aracts in both groups. Nevertheless, we believe that our
results strongly suggest that cytoskeleton-associated gly-
cosylation is a relevant mechanism for cataract develop-
ment in T2DM patients, but further studies are required to
identify the specific role of N-glycosylation in cataract
occurrence and progression.
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